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Civil construction wastes have been incorporated into polymers for recycling as novel
engineering composites. In the present work eco-friendly composites with recycled
polypropylene (rPP) matrix incorporated with geopolymer concrete waste particles, wither
plain (GCW) or surface-modified with oleic acid (AGC) were investigated. The geopolymer
concrete waste particles were mixed with polymer powder to provide an effective dispersion
between the different materials. Composites were produced by an initial reactive extrusion
processing followed by injection molding. These novel composites with amount of 20, 40
and 50 wt% of GCW particles, both plain as-received and surface-modified, were technically
evaluated by tensile tests, statistically analyzed by ANOVA, as well as by water absorp-
tion as per ASTM standards. Surface dispersion of nanoparticles was revealed by atomic
force microscopy. Microstructural analysis was performed by scanning electron microscopy.
The  results indicated that these sustainable GCW particles incorporated into rPP matrix
exhibit superior processability and water absorption less than 0.01%. The rPP/AGC compos-
ites present relatively higher elastic modulus, 629 MPa, as compared to the neat rPP, with
529 MPa. These properties suggest potential sustainable applications in building construc-tion  using waste materials.
© 2020 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND.  Introduction
he construction industry is, in past years, investigating inno-Please cite this article in press as: Ramos FJ, et al. Eco-friendly recycled poly
waste particles. J Mater Res Technol. 2020. https://doi.org/10.1016/j.jmrt.20
ative materials to substitute traditional ones, such as wood,
olymers, concrete and metals [1]. In particular, polymer
atrix composites are replacing conventional materials owing
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to intrinsic characteristics such as low density and plastic-
ity. Among these composite those reinforced with natural
fibers compose a class of successful materials increasingly
used in building constructions [2–5]. It is worth mentioning
that, within this class, nanocellulose is a promising reinforce-
ment for polymer composites with special proprieties [6–17].
In addition to natural fibers, wastes from building construc-propylene matrix composites incorporated with geopolymer concrete
20.01.054
tion incorporated into polymer matrices constitute another
important class of eco-friendly composites with specific recy-
cling purpose [18,19].
cle under the CC BY-NC-ND license (http://creativecommons.org/
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In terms of thermoplastics, polypropylene (PP) is one of the
most important polymers, produced in large scale and com-
monly applied at several sectors, including textile, automotive,
laboratory equipment, plastic parts and reusable contain-
ers. However, its huge post-consumed volume has generated
worldwide large amounts of urban solid residues. On the
other hand, important characteristics such as high chemical
stability, stiffness, hardness, toughness, heat resistance and
mechanical properties still remain in spent PP, making it an
attractive recycled waste to be use as high performance com-
posite matrix [20–23]. Indeed, several works investigated the
application of inorganic fillers in PP matrix composites. Sha
et al. [24] investigated innovative methods of filler modifica-
tion in the production of thermoplastic composites enabling
the increase of the strength, stability of interface bond-
ing, high dispersion of particles and appropriated rheology.
Pedrazzoli and Pagoretti [25] reported on the properties of PP
composites reinforced with expanded graphite nanoplatelets.
Zhai et al. [26] investigated the recycling asbestos tailings
used as fillers in PP composites. Ahmeda et al. [27] inves-
tigated the influence of filler loading on the properties of
polypropylene/marble sludge composites and reported that
the performance of the polymer composites depends on
the relationship between the interfaces of the matrix and
fillers. Chen et al. [28] studied the solubility and diffusivity
of CO2 in polypropylene/micro-calcium carbonate compos-
ites. The effects of the fillers and interface bonding condition
between the fillers and polymer matrix were reported by the
authors. Etcheverry et al. [29] studied the effect of adhe-
sion and mechanical properties through chemical anchorage
of polypropylene onto glass fibers, previously treated with
methylaluminoxane. Zhu et al. [30] observed the influence of
the montmorillonite on mechanical properties, crystallization
and rheological behaviors of PP composites.
An innovative material developed to replace conventional
cement in building construction is the geopolymer, produced
from a chemical reaction of silica (SiO2) and alumina (Al2O3)
to form an inorganic polymer by geopolymerization [31–33]. In
fact, geopolymers have gained considerable attention owing
to their intrinsic characteristics such as fire resistance, high
toughness and lower CO2 emissions during productive circle,
as compared to Portland cement [34]. Geopolymers can also
be used in composite materials. Ferdous et al. [35] observed
the influence of geopolymer fillers in the production of hybrid
composites, such as the red mud, fly ash and asbestos tail-
ings. As a civil construction cement, a geopolymers might
be incorporated with additives such as sand and pebbles to
make concrete [36]. During construction and after demolition,
geopolymer concretes may become wastes and thus could be
recycled by addition as a second phase to a polymer matrix. A
similar situation may also occur with a PP product, which after
operational life becomes a waste. In this case, the easy to mold
thermoplastic PP could be recycled as composite matrix. Based
on the aforementioned results, the objective of this work was
to evaluate the processability and the tensile behavior as well
as to perform a microstructural analysis of eco-friendly com-Please cite this article in press as: Ramos FJ, et al. Eco-friendly recycled poly
waste particles. J Mater Res Technol. 2020. https://doi.org/10.1016/j.jmrt.20
posites with incorporation of oleic-acid modified geopolymer
concrete (AGC) waste particles into the recycled polypropy-0 2 0;x  x x(x x):xxx–xxx
lene (rPP). For the first time AGC waste is incorporated into a
recycled polymer to develop a sustainable novel composite.
2.  Materials  and  methods
2.1.  Materials
The plain geopolymer concrete waste (GCW), an as-received
material, was supplied by Lafarge Concreto Ltda., Brazil.
Recycled polypropylene (rPP), from products molded by blow
processing was supplied by COMBRARE Comercial Brasileira
de Reciclagem Ltda. The oleic acid (99% purity) was supplied
by Sigma Aldrich, Brasil. Recycled PP composite incorporated
with both plain as-received GCW particles and oleic acid sur-
face modified (AGC) particles were investigated.
2.2.  Materials
The as-received GCW was crushed in particles smaller than
270 mesh and treated with oleic acid during 24 h, as reported
elsewhere [18]. The modified particles of AGC were dispersed
into molten rPP matrix in a screw extruder. The temperature
profile, starting from the feeding zone up to the die, was 180,
190 and 200 ◦C, while the screw rotating rate was maintained
at 6 rpm [37]. The proportions produced of rPP/AGC correspond
to 80/20, 60/40, 50/50 (m/m%). Pellets of the modified compos-
ites were processed in a Battenfeld injection machine, Plus 35
model. The blend mixtures were performed at 200 ◦C. Accord-
ing to ASTM C272 [38] and ASTM D638 [39] standards, water
absorption and tensile properties were evaluated, respectively.
The influence of the modifier fillers was observed during the
processing of the AGC specimens, showing greater fluidity and
low torque, as well as better molding and processability for
the AGC composites, independently of the amount processed.
Instead of what was expected, a higher fluidity was acquired
by increasing the proportion of modified geopolymer concrete
into the polymer matrix of the AGC composites. This effect
can be explained by the plasticizing influence of the oleic acid
fixed on the surface of the hybrid fillers, while was blended
into the rPP matrix [40].
Atomic force microscopy (AFM) was performed to evalu-
ate the agglomerated and surface condition of the polymer
composites. Observation was carried on a XE7 equipment, pro-
duced by Park System.
Water absorption evaluation as per ASTM C272 [38] was
performed to evaluate the percentage of water absorption in
the rPP as well as in both rPP/GCW and rPP/AGC composites,
considering the results of seven specimens for each.
Tensile tests as per ASTM D638 [39], were carried out on
a universal model 1185 Instron machine. The elastic modu-
lus (between 0.05% and 0.25% strains) at a crosshead speed
of 5.105 mm/min, and tensile strength at the same crosshead
speed, of the rPP/AGC composites were calculated. Analysis of
variance (ANOVA) was performed for statistical validation ofpropylene matrix composites incorporated with geopolymer concrete
20.01.054
the properties obtained from ten tensile-tested specimens of
each type of composites, including the rPP (0% AGC).
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Fig. 1 – (a) Elastic modulus; (b) tensile strength, and (c) maximum deformation variation with recycled polypropylene (rPP)
composites incorporated with oleic acid modified geopolymer co
Table 1 – Water absorption (wt%) of injection molded
recycled polypropylene (rPP) composites incorporated
with plain geopolymer concrete waste (GCW) and oleic
acid modified geopolymer concrete waste (AGC).
Fraction of AGC
Incorporation (wt%)
rPP/GCW rPP/AGC
0 0.01 ≤0.01
20 ≤0.01 ≤0.01
3
T
p
r
a
(
T
a40 ≤0.01 ≤0.01
50 ≤0.01 ≤0.01
.  Results  and  discussion
able 1 presents the results of water absorption tests for
ure rPP, 0% geopolymer concrete waste, as well as for both
PP/GCW and rPP/AGC composites. According to these results,Please cite this article in press as: Ramos FJ, et al. Eco-friendly recycled poly
waste particles. J Mater Res Technol. 2020. https://doi.org/10.1016/j.jmrt.20
ll investigated materials absorbed practically no amount
≤0.01%) of water, what corroborates previous results [18].
hey also indicate no significant effect of capillary water
bsorption by geopolymer concrete incorporated into the PP
Table 2 – Tensile properties of recycled polypropylene (rPP) com
concrete waste (AGC).
Fraction of AGC incorporation (wt%) Tensile Strength (MPa) 
0 33.5 ± 1.6 
20 26.8 ± 1.4 
40 22.0 ± 0.8 
50 20.4 ± 0.9 ncrete waste (AGW).
matrix, which reveals consistently embedded plain GCW and
modified AGC into rPP.
The tensile properties of the rPP/AGC composite specimens
and the rPP matrix (0% AGC) are presented in Table 2. The
observed results show the influence of the high amount of
modified AGC fillers into the matrix. Tensile results for the
rPP/GCW composites were less significant for this present
investigation and, therefore, are not presented herein. The
good interaction between modified AGC and rPP enables the
increase of the elastic modulus of the composites by the incor-
poration of modified geopolymer concrete waste particles.
Furthermore, the results show that the rPP matrix decrease the
maximum deformation from 42.7% to about 24%, stabilizing
this level at the 40–50% AGC proportions. The increase of the
elastic modulus is an indicative of a good adhesion between
matrix/fillers. Consequently, the composites acquired suitable
stiffness capacity for civil construction applications. Thesepropylene matrix composites incorporated with geopolymer concrete
20.01.054
results corroborates those already obtained for PP incorpo-
rated industrial wastes [26,27,29].
Fig. 1 shows the graphs corresponding to the results
presented in Table 2. As for the variation of the elastic mod-
posites incorporated with oleic acid modified geopolymer
Elastic Modulus (MPa) Maximum Deformation (%)
529.1 ± 33.9 42.7 ± 2.6
534.1 ± 25.3 34.6 ± 3.6
618.2 ± 31.2 24.6 ± 0.8
608.6 ± 49.8 23.0 ± 1.2
Please cite this article in press as: Ramos FJ, et al. Eco-friendly recycled polypropylene matrix composites incorporated with geopolymer concrete
waste particles. J Mater Res Technol. 2020. https://doi.org/10.1016/j.jmrt.2020.01.054
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Fig. 2 – SEM fractography of recycled polypropylene (rPP) composites incorporated with oleic acid modified geopolymer
concrete waste (AGC) in conditions of previous extrusion (a), (c) (e); and final injection molded (b), (d), (f).
Fig. 3 – Atomic force microscopy of recycled polypropylene (rPP) composites incorporated with: (a) 20 wt% and (b) 50 wt%  of
oleic acid modified geopolymer concrete waste (AGC).
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Table 3 – Analysis of variance (ANOVA) parameters for
tensile properties of recycled polypropylene (rPP)
composites incorporated with oleic acid modified
geopolymer concrete waste (AGC).
Anova Parameters F Fc P
Tensile Strength 161.32 3.01 4.88 × 10−16
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rElastic Modulus 12.04 3.01 5.25 × 10−5
Maximum Deformation 109.18 3.01 4.00 × 10−14
lus, Fig. 1(a) reveals a significant increase in the elastic
odulus above 20% incorporation of oleic acid surface treated-
eopolymer concrete waste. This corresponds to an effective
einforcement in the stiffness of rPP/AGC composites. By con-
rast, the tensile strength, Fig. 1(b), and maximum (total)
eformation, Fig. 1(c), suffer a decrease with AGC incorpora-
ion. The reason for these adverse results in the strength and
eformation might be attributed to generation of cracks as
urther discussed regarding the microstructural evolution.
The data presented in Table 2 and shown in Fig. 1 were
alidated by ANOVA. Table 3 presents the values of the ANOVA
arameters F, F critical (Fc) and P. In this table, considering
hat 5% (0.05) is the level of significance, values of F > Fc are
ssociated with 95% of confidence in the difference between
hem. Moreover, if P < 0.05, a significant difference might be
onsidered between values.
As shown in Table 3, based on the ANOVA, the incorpora-
ion of modified AGC into rPP causes a statistically significant
ncrease in the elastic modulus. In other words, the hypothe-
is that the values are the same can be rejected with 95% of
onfidence.
Fig. 2 shows SEM fractographs of 20, 40 and 50% AGC incor-
orated into rPP composites, each one in both processing
onditions of initially extruded, Fig. 2(a), (c) and (e), and finally
olded by injection, Fig. 2(b), (d) and (f). The initially extruded
ondition reveals a fracture associated with more  pores then
he finally injected. This clearly indicates that the second stage
f injection processing has significantly decreased the poros-
ty, mainly for 50% AGC composite in going from extruded
ondition, Fig. 2(e), to mold-injected, Fig. 2(f). It confirms an
ffective encapsulating of the geopolymer concrete waste par-
icles by the recycled polypropylene matrix. This porosity
limination after injection corroborates the practically null
ater absorption results in Table 1. On the other hand, the
njected specimens display evidence of cracks as pointed for
he 40 and 50% AGC composites in Fig. 2(d) and (f), respec-
ively. This cracking observation could explain the decrease in
trength and total deformation in Table 2 and Fig. 1.
Fig. 3 shows AFM results for two investigated extreme con-
itions of rPP composites, with 20 and 50% AGC. This figure
vidences the change in roughness, from a relatively smother
urface for the 20% AGC composite in Fig. 3(a) to a rougher
urface for the 50% AGC in Fig. 3(b). Actually, the cause of sur-
ace roughness for the 50% AGC composite might be assigned
o the agglomeration of oleic acid modified geopolymer con-
rete waste nanoparticles, as pointed by arrows in Fig. 3(b).
he results in Fig. 3 disclose the significant influence that AGCPlease cite this article in press as: Ramos FJ, et al. Eco-friendly recycled poly
waste particles. J Mater Res Technol. 2020. https://doi.org/10.1016/j.jmrt.20
articles promote in the composite surface topography. As dis-
ussed, the results in Fig. 2 for the 50% AGC composite indicate
n effective encapsulating condition, which should be inter- 2 0;x  x x(x  x):xxx–xxx 5
preted as good adhesion between particles and rPP matrix.
This is apparently confirmed by the well matrix-embedded
AGC particles pointed in Fig. 3(b), which certainly favors a
stiffness reinforcement presented in Table 2 and depicted in
Fig. 1(a).
4.  Summary  and  conclusions
• Eco-friendly composites with recycled polypropylene (rPP)
matrix incorporated with 20, 40 and 50 wt%  of geopolymers
concrete waste particles, both plain as-received (GCW) and
oleic acid surface-treated (AGC) were for the first time pro-
cessed and characterized.
• An initial extrusion followed by injection molding result in
rPP/AGC composites displaying greater fluidity in associa-
tion with low extrusion torque as well as improved molding
if compared with rPP/GCW composites.
• Practically no water absorption (≤0.01%) was found for both
types of rPP/GCW and rPP/AGC composites, including for
pure rPP.
• The incorporation of AGC particles above 20 wt% signif-
icantly increases the elastic modulus of the rPP matrix.
However, this incorporation reduces the tensile strength
and total strain.
• SEM fratographs revealed an effective reduction of poros-
ity during processing from extrusion to injection molding,
which justify the null water absorption. However, cracking
after molding would be responsible for decrease in strength
and strain.
• AFM discloses evidence of rougher surface due to parti-
cles agglomeration in composite with high amount of AGC,
which might favor the obtained stiffness reinforcement.
Conflicts  of  interest
The authors declare no conflicts of interest.
Acknowledgements
The authors thank the Conselho Nacional de Desenvolvi-
mento Científico e Tecnológico (CNPq) and Coordenac¸ão de
Aperfeic¸oamento de Pessoal de Nível Superior (CAPES) for sup-
porting this work.
 e  f  e  r  e  n  c  e  s
[1] Gemert DV, Czarnecki L, Łukowski P, Knapen E. Cement and
concrete composites. Cement concrete and
concrete–polymer composites: Two merging worlds: A report
from 11th ICPIC Congress in Berlin. Cement Concrete
Compos 2005,
http://dx.doi.org/10.1016/j.cemconcomp.2005.05.004.
[2]  Di Bella G, Fiore V, Galtieri G, Borsellino C, Valenza A. Effectspropylene matrix composites incorporated with geopolymer concrete
20.01.054
of  natural fibres reinforcement in lime plasters (kenaf and
sisal vs. Polypropylene). Constr Build Mater 2014;58:159–65.
[3] Singh B, Gupta M, Tarannum H, Randhawa A. Natural
fiber-based composite building materials. In: Kalias Kaith BS,
ARTICLE IN PRESSJMRTEC-1309; No. of Pages 7
o l . 2 6  j m a t e r r e s t e c h n 
Kaur I, editors. Cellulose fibers: bio-and nano-polymer
composites. Berlin, Germany: Springer; 2011. p. 701–20.
[4] Singh B, Gupta M. Natural fiber composites for building
applications. In: Mohanty AK, Misra M, Drzal LT, editors.
Natural fibers, biopolymers, and biocomposites. Boca Raton,
USA: CRC; 2005.
[5] Pal PK, Ranganathan SR. Jute plastic composites for the
building industry. Pop Plast 1986;31:22–4.
[6] Ilyas RA, Sapuan SM, Ibrahim R, Atikah MSN, Atiqah A,
Ansari MNM, et al. Production, processes and modification of
nanocrystalline cellulose from agro-waste: a review.
IntechOpen; 2019. p. 3–32,
http://dx.doi.org/10.5772/intechopen.87001.
[7]  Ilyas RA, Sapuan SM, Ibrahim R, Abral H, Ishak MR, Zainudin
ES, et al. Sugar palm (Arenga pinnata (Wurmb.) Merr)
cellulosic fibre hierarchy: a comprehensive approach from
macro to nano scale. J Mater Res Technol 2019;8(3):2753–66.
[8] Halimatul MJ, Sapuan SM, Jawaid M, Ishak MR, Ilyas RA.
Effect of sago starch and plasticizer content on the
properties of thermoplastic films: mechanical testing and
cyclic soaking-drying. Polimery 2019;64(6):422–31.
[9] Halimatul MJ, Sapuan SM, Jawaid M, Ishak MR, Ilyas RA.
Water absorption and water solubility properties of sago
starch biopolymer composite films filled with sugar palm
particles. Polimery 2019;64(9):595–603.
[10] Ilyas RA, Sapuan SM, Ishak MR, Zainudin ES. Sugar palm
nanofibrillated cellulose (Arenga pinnata (Wurmb.) Merr):
effect of cycles on their yield, physic-chemical,
morphological and thermal behavior. Int J Biolog Macromol
2019;123:379–88.
[11] Abral H, Ariksa J, Mahardika M, Handayani D, Aminah,
Sandrawati N, et al. Transparent and antimicrobial cellulose
film  from ginger nanofiber. Food Hydrocoll 2020;98:105266,
http://dx.doi.org/10.1016/j.foodhyd.2019.105266.
[12] Ilyas RA, Sapuan SM, Atiqah A, Ibrahim R, Abral H, Ishak MR,
et  al. Sugar Palm (Arenga pinnata [ Wurmb. ] Merr) starch
films containing sugar palm nanofibrillated cellulose as
reinforcement: water barrier properties. Polym Compos
2019:1–9, http://dx.doi.org/10.1002/pc.25379.
[13] Atigah A, Jawaid M, Sapuan SM, Ishak MR, Ansari MNM, Ilyas
RA.  Physical and thermal properties of treated sugar
palm/glass fibre reinforced thermoplastic polyurethane
hybrid composites. J Mater Res Technol 2019;8(5):3726–32.
[14] Ilyas RA, Sapuan SM, Ibrahim R, Abral H, Ishak MR, Zainudin
ES, et al. Effect of sugar palm nanofibrillated cellulose
concentrations on morphological, Mechanical and physical
properties of biodegradable films based on agro- waste sugar
palm (Arenga pinnata (Wurmb.) Merr) starch. J Mater Res
Technol 2019;8(5):4819–30.
[15] Ilyas RA, Sapuan SM, Ishak MR. Isolation and
characterization of nanocrystalline cellulose from sugar
palm fibres (Arenga Pinnata). Carbohyd Polym
2018;181:1038–51.
[16] Ilyas RA, Sapuan SM, Sanyang ML, Ishak MR, Zainudin ES.
Nanocrystalline cellulose as reinforcement for polymeric
matrix nanocomposites and its potential applications: a
review. Curr Anal Chem 2018;14(3):203–25.
[17] Ilyas RA, Sapuan SM, Ishak MR, Zainudin ES. Effect of
delignification on the physical, thermal, chemical, and
structural properties of sugar palm fibre. BioResources
2017;12(4):8734–54.
[18] Ramos FJHTV, Mendes LC, Cestari SP. Organically modified
concrete waste with oleic acid. J Thermal Anal Calorim
2015;119(3):1895–904.
[19] Shokrieh MM, Kefayati AR, Chitsazzadeh M. Fabrication andPlease cite this article in press as: Ramos FJ, et al. Eco-friendly recycled poly
waste particles. J Mater Res Technol. 2020. https://doi.org/10.1016/j.jmrt.20
mechanical properties of clay/epoxy nanocomposite and its
polymer concrete. Mater Design 2012;40:443–52,
http://dx.doi.org/10.1016/j.matdes.2012.03.008.0 2 0;x  x x(x x):xxx–xxx
[20] Swolfs Y, Zhang Q, Baets J, Verpoest I. The influence of
process parameters on the properties of hot compacted
self-reinforced polypropylene composites. Compos Part A
Appl Sci Manuf 2014;65:38–46,
http://dx.doi.org/10.1016/j.compositesa.2014.05.022.
[21] Mazov IN, Ilinykh IA, Kuznetsov VL, Stepashkin AA, Ergin KS,
Muratov DS, et al. Thermal conductivity of
polypropylene-based composites with multiwall carbon
nanotubes with different diameter and morphology. J Alloys
Compounds 2014;586:S440–2,
http://dx.doi.org/10.1016/j.jallcom.2012.10.167.
[22] Mina MF, Seema S, Matin R, Rahaman MJ, Sarker RB, Gafur
MA,  et al. Improved performance of isotactic
polypropylene/titanium dioxide composites: effect of
processing conditions and filler content. Polym Degrad
Stability 2009;94:183–8.
[23] Modesti M, Lorenzetti A, Bon D, Besco S. Effect of processing
conditions on morphology and mechanical properties of
compatibilized polypropylene nanocomposites. Polymer
2005;46:10237–45.
[24] Shah AR, Lee DW, Wang YQ, Wasy A, Ham KC, Jayaraman K,
et al. Effect of concentration of ATH on mechanical
properties of polypropylene/aluminium trihydrate (PP/ATH)
composite. Trans Nonferrous Met Soc China 2014;24:s81–9,
http://dx.doi.org/10.1016/S1003-6326(14)63292-1.
[25] Pedrazzoli D, Pegoretti A. Expanded graphite nanoplatelets
as  coupling agents in glass fiber reinforced polypropylene
composites. Compos Part A Appl Sci Manuf 2014;66:25–34,
http://dx.doi.org/10.1016/j.compositesa.2014.06.016.
[26] Zhai W,  Wang Y, Deng Y, Gao H, z Lin, Li m.  Recycling of
asbestos tailings used as reinforcing fillers in polypropylene
based composites. J Hazard Mater 2014;270:137–43,
http://dx.doi.org/10.1016/j.jhazmat.2014.01.052.
[27] Ahmedak K, Raza NZ, Habib F, Aijaz M,  Afridi MH. An
investigation on the influence of filler loading and
compatibilizer on the properties of polypropylene/marble
sludge composites. J Indust Eng Chem 2013;19:1805–10,
http://dx.doi.org/10.1016/j.jiec.2013.02.024.
[28] Chen Jie, Liu Tao, Yuan Wei-kang, Zhao Ling. Solubility and
diffusivity of CO2 in polypropylene/micro-calcium carbonate
composites. J Supercrit Fluids 2013;77:33–43,
http://dx.doi.org/10.1016/j.supflu.2013.02.007.
[29] Etcheverry M, Ferreira MJ, Capiati N, Barbosa S. Chemical
anchorage of polypropylene onto glass fibers: effect on
adhesion and mechanical properties of their composites.
Intern J Adhesion Adhesives 2013;43:26–31,
http://dx.doi.org/10.1016/j.ijadhadh.2013.01.006.
[30] Zhu S, Chen J, Zuo Y, Li H, Cao Y.
Montmorillonite/polypropylene nanocomposites:
mechanical properties, crystallization and rheological
behaviors. Appl Clay Sci 2011;52:171–8,
http://dx.doi.org/10.1016/j.clay.2011.02.021.
[31] Majidi B. Geopolymer technology, from fundamental to
advanced applications: a review. Mater Technol
2009;24(2):79–87.
[32] Duxson P, Fernández-Jiménez A, Provis JL, Lukey GC, Palomo
A, van Deventer JS. Geopolymer technology: the current state
of the art. J Mater Sci 2007;42(9):2917–33.
[33] Davidovits J. Geopolymers: inorganic polymeric new
materials. J Therm Anal Calorim 1991;37(8):1633–56.
[34] Konstantinos A, Komnitsa. Potential of geopolymer
technology towards green buildings and sustainable cities.
Procedia Eng 2011;21:1023–32.
[35] Ferdous W,  Manalo A, Khennane A, Kayali O. Geopolymer
concrete-filled pultruded composite beams – concrete mixpropylene matrix composites incorporated with geopolymer concrete
20.01.054
design and application. Cem Concr Compos 2015;58:1–13.
[36] Habert G, De Lacaillerie JD, Roussel N. An environmental
evaluation of geopolymer based concrete production:
ARTICLE IN PRESSJMRTEC-1309; No. of Pages 7
 l . 2 0
2010.
[40] Sander MM, Nicolau A, Guzatto R, Samios D. Plasticiser effect
of  oleic acid polyester on polyethylene and polypropylene.j  m a t e r r e s t e c h n o
reviewing current research trends. J Clean Prod
2011;19(11):1229–38.
[37] Dennis HR, Hunter DL, Chang D, Kim S, White JL, Choc JW,
et  al. Effect of melt processing conditions on the extent of
exfoliation in organoclay-based nanocomposites. PolymerPlease cite this article in press as: Ramos FJ, et al. Eco-friendly recycled poly
waste particles. J Mater Res Technol. 2020. https://doi.org/10.1016/j.jmrt.20
2001;42(23):9513–22.
[38] AMERICAN SOCIETY FOR TESTING AND MATERIALS.
C272/C272M: standard test method for water absorption of
core materials for sandwich constructions. ASTM; 2012. 2 0;x  x x(x  x):xxx–xxx 7
[39] AMERICAN SOCIETY FOR TESTING AND MATERIALS. D638:
standart test method for tensile properties of plastic. ASTM;propylene matrix composites incorporated with geopolymer concrete
20.01.054
Polym Testing 2012;31(8):1077–82.
